In this work, we use novel protocols based on spherical nanoindentation and orientation imaging microscopy (OIM) to quantify the local changes in slip resistances in the grain boundary regions of deformed, polycrystalline aluminum. The new protocols involve the use of the recently developed methods for extracting indentation stressestrain (ISS) curves from raw nanoindentation data in conjunction with the measurement of local microstructure at the indentation site using OIM to study the changes in the local slip resistances as a function of distance from the grain boundaries. Eight grain boundaries were selected for this work such that they included a broad range of boundaries, including low and high (grain-to-grain misorientation) angle boundaries as well as low, moderate, and high deviations in the Taylor factors of the grains on either side of the boundary. It was concluded that there was additional hardening in the grain boundary region when a Taylor 'soft' grain was present next to a Taylor 'hard' grain. This hardening was consistently observed on the soft grain side with one exception where hardening was observed on both sides of the boundary. A positive correlation was observed between the difference in Taylor factor across the boundary and the amount of hardening on the 'soft' grain side. However, no correlation was observed between the grain-to-grain misorientation angle and the extent of hardening at the grain boundary.
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Introduction
Mesoscale interfaces in materials, including grain boundaries, play a significant role in determining the mechanical properties of materials. The Hall-Petch effect (Hall, 1951; Petch, 1953) , discovered over sixty years ago, provides a robust but empirical relationship between the macroscopic yield strength and average grain size in a material. However, there is still very little understanding about the precise role of grain boundaries during plastic deformation and there is no consensus on the correct physics-based model for predicting this effect (Cottrell, 1958; Meyers and Ashworth, 1982) . Moreover, the HallPetch effect, captures only the homogenized effect of grain boundaries on the macroscale mechanical properties of metallic materials. In other words, this simple model does not pay attention to the difference in the behavior of the different type of boundaries. Various criteria have been put forth to describe the behavior of grain boundaries based on grain boundary character (Adams et al., 1994; Tsurekawa et al., 1994; Watanabe and Tsurekawa, 1999) , interfacial structure (CSL boundaries) (Watanabe and Tsurekawa, 1999; Palumbo et al., 1991; Dahlberg et al., 2013) , grain boundary energy (special boundaries) (Rohrer et al., 2004; Tschopp and McDowell, 2007) , and slip transfer rules (Clark et al., 1992; de Koning et al., 2003; Bieler et al., 2009 ). However, these dependencies are not yet established quantitatively. An accurate understanding of the role of grain boundaries is critical for the development of robust physics-based crystal plasticity models (Asaro, 1983; Kalidindi et al., 1992; Kalidindi, 1998; Van Houtte et al., 2002) to accurately predict material behavior during and following plastic deformation of polycrystalline materials.
Lack of rigorous protocols for reliably capturing the mechanical response at the sub-micron length scales of interest constitutes the foremost technical gap in efforts aimed at advancing the fundamental understanding of the role of grain boundaries during plastic deformation. Approaches such as in-situ testing of micro-pillars (Ng and Ngan, 2009; Kunz et al., 2011; Dietiker et al., 2011; Uchic et al., 2004) have an inherent drawback in that these methods require sophisticated equipment and are effort intensive, and therefore cannot be used to test a large number of interfaces in a cost and time efficient manner. Alternatively, instrumented indentation testing (both nano and micro) (Fischer-Cripps, 2002; FischerCripps, 2001 FischerCripps, , 2006 Hay and Pharr) , when combined with improved data analyses protocols provides a high throughput approach suitable for addressing this challenge. The use of nanoindentation testing for characterizing grain boundary regions has been reviewed in Ref. Kalidindi and Vachhani (2014) .
Recent advances in the analysis of spherical nanoindentation data now provide a means of extracting very reliable and repeatable measurements of local mechanical properties at a sub-micron length scale (Kalidindi and Pathak, 2008; Pathak et al., 2009c Pathak et al., , 2012a Pathak et al., , 2009a . This local mechanical behavior data can be combined with local structure information obtained using complementary techniques such as orientation imaging microscopy (OIM) to further our understanding of local structureeproperty relationships in metallic materials and their evolution during macroscopically imposed plastic deformation. In previous work (Vachhani and Kalidindi, 2015) , we studied the evolution of slip-resistances within individual grains (i.e., in the grain interiors) during deformation in polycrystalline aluminum (Al) . In this work, we have conducted a detailed study into the evolution of local mechanical properties in the grain boundary regions in plastically deformed samples of polycrystalline Al. As mentioned earlier, this information is critical to the development of physics-based multiscale models for plastic deformation in polycrystalline metals. Pathak et al. (2012b) have already demonstrated the viability of the combined spherical nanoindentation-OIM testing and analysis protocols in quantifying changes in mechanical properties in the grain boundary regions of a deformed Fe-3% Si steel sample. In that work, three specifically selected grain boundaries were studied in 30% deformed samples. In this work, we have systematically investigated regions around eight grain boundaries in a high purity aluminum sample deformed by plane strain compression to obtain a 20% reduction in height. The smaller strain level and the larger number of grain boundaries were selected for the present study with the specific goal of quantitatively relating salient grain boundary parameters to the measured changes in the local mechanical properties in the grain boundary regions. The salient grain boundary parameters explored in this work are the grain-to-grain misorientation across the boundary and the difference in the Taylor factors. Although both parameters are related to the orientations of the grains adjoining the grain boundary, the Taylor factors provide a more direct measure of the influence of the crystal lattice orientation on the plastic flow stress, while accounting for the details of the imposed deformation mode (typically expressed as a stretching tensor). Historically, there has been a general hypothesis in prior literature that the strain hardening in the grain boundary region would be strongly influenced by the grain-to-grain misorientation across the boundary (Zaefferer et al., 2003; Ma et al., 2006; Dalla Torre et al., 2007) . However, some prior studies (Vachhani and Kalidindi, 2015; Kalidindi et al., 2004; Bhattacharyya et al., 2001; Pathak et al., 2012b) have highlighted the possibility that the difference in the Taylor factors across the grain boundary might play a more influential role in grain boundary plasticity as it explicitly captures the relative capability of the grains involved in accommodating the imposed plastic deformation. In order to evaluate critically the relative roles of both these grain boundary parameters, the grain boundaries for the present study were specifically selected to include different combinations of grain-to-grain misorientation across the boundary and the difference in Taylor factors.
Spherical nanoindentation and indentation stressestrain (ISS) curves
Nanoindentation is a versatile tool for measuring the mechanical properties from small material volumes (Tabor, 1951) . Traditionally, indentation experiments have been carried out with sharp tips (Bucaille et al., 2003; Rho et al., 1997; Poole et al., 1996) , and the values of local elastic modulus and hardness were extracted mainly from an analysis of the unloading portion of the test segment (Fischer-Cripps, 2001; Pharr, 1992, 2004) . However, recent advances in instrumentation (e.g., the availability of the continuous stiffness measurement (CSM) (Li and Bhushan, 2002) ) have now made it possible to convert the measured loadedisplacement data from spherical nanoindentation into highly reproducible and consistent indentation stressestrain (ISS) curves (Kalidindi and Pathak, 2008) . It has been demonstrated that these new protocols produce reasonable estimates of the indentation modulus and the indentation yield strength (Y ind ). The procedures used to convert raw indentation data into ISS curves and extract Y ind from the ISS data have been detailed in prior publications (Kalidindi and Pathak, 2008; Vachhani and Kalidindi, 2015; Pathak et al., 2009d) . A brief overview of this strategy is provided here.
The methodology for converting raw spherical nanoindentation data into ISS curves is largely based on Hertz Theory (Hertz, 1896; Johnson, 1985; Sneddon, 1965) . The first step involves identification of the effective zero point, such that all the measured signals provide the best agreement with the Hertz theory beyond this point. IfP,h and S are the measured load, displacement and stiffness signals, and P * and h * denote the raw load and displacement values at the effective zero point, the expected relationship between all these variables in the initial elastic regime can be shown as Johnson (1985) .
where h e is the elastic indentation depth at load P. Linear regression can be used to determine the values of P * and h * , i.e., the effective zero point (Kalidindi and Pathak, 2008) . The second step is to determine the radius of contact (a) as Kalidindi and Pathak (2008) and Johnson (1985) .
where E eff is the effective stiffness of the indenter-sample system, E and n are the Young's modulus and Poisson's ratio, respectively, and the subscripts s and i refer to the sample and the indenter, respectively. As the last step, the values of indentation stress (s ind ) and indentation strain (ε ind ) are extracted from the raw data using (Kalidindi and Pathak, 2008) .
It has been shown in Vachhani et al. (2013) that the most reliable ISS curves for aluminum can be obtained using the CSM at 45 Hz oscillation frequency and a 2 nm oscillation amplitude. These test conditions were utilized in all of the measurements reported in this paper. From the ISS curves, Y ind was determined as the point of intersection between the modulus line (i.e., along the initial linear elastic portion) and the best-fit line for the stressestrain curve within the strain range of 0.0065 and 0.013 (Vachhani and Kalidindi, 2015) . This approach was developed in our prior work to estimate Y ind when some small popins (these are strain jumps caused by delayed activation of dislocation sources in the indentation zone, especially in the tests on annealed samples (Pathak et al., 2009b) ) appear in the ISS curves. Although the pop-ins are almost completely absent in the deformed samples (Pathak et al., 2009b) , the same protocols are employed consistently on both annealed and deformed samples.
Materials and methods
High purity, polycrystalline aluminum (99.999%) was used for this work. Pure aluminum does not exhibit annealing twins or deformation twins. This allows a focused study where dislocation slip is the only mechanism of plastic deformation Bhattacharyya et al., 2001; Gonzalez et al., 2011) . Aluminum also exhibits low elastic anisotropy (A ¼ 1.22) (Gene Simmons, 1971) and hence the effect of crystal orientation on the indentation modulus is rather small. A modified form of Hertz theory (Vlassak and Nix, 1994) predicts the sample indentation modulus for grains of different orientations to be in the range of 68.8e70.6 GPa. The surface oxide film in aluminum is extremely thin, thus making its interference with our measurements negligible.
Since we intended to interrogate regions near grain boundaries, a fully annealed, large grained sample was used for this study, so that the grain boundary segments were long enough to allow a large number of measurements while staying away from triple junctions. In order to achieve these large grains, a sample was cut out from a heavily rolled block of high purity aluminum and annealed at 640 C for 72 h. The sample was then deformed by plane strain compression in a channel-die at room temperature to achieve 20% reduction in height. Care was taken to ensure that all sample surfaces were in contact with the die and the punch and were lubricated with a 0.1 mm thick Teflon tape to minimize friction. The compression itself was carried out in multiple small steps and the sample was lubricated between steps. The sample was then mounted in epoxy and the surface was prepared using mechanical grinding and polishing. Since a high quality surface finish is extremely important for indentation measurements (Voort, 2004) , electropolishing was used as the final sample preparation step. The polishing removed about 0.5 mm of material from the sample surface, thus eliminating any material close to the surface that may have been affected by friction.
An orientation map of the polished surface was obtained using orientation imaging microscopy (OIM), which is based on the automated indexing of electron backscatter diffraction patterns (EBSD). Bunge-Euler angles (Bunge, 1982 (Bunge, , 1993 were used to denote the orientation at each point on the surface. These are an ordered set of three rotations (4 1 ,F, 4 2 ) that transform the sample reference frame to the crystal reference frame. The grains on the surface were numbered for convenience and will be henceforth referred to using the assigned grain numbers. From this OIM map, eight grain boundaries were selected for this study. These were selected to include a broad range of grain boundaries, including low and high grain-to-grain misorientation angle boundaries as well as low, moderate, and high deviations in the Taylor factors of the grains on either side of the grain boundary.
With an aim to obtain better spatial resolution and also place as many indents as possible close to the grain boundary, a 20 mm radius spherical indenter tip was used. Data generated in prior work (Vachhani and Kalidindi, 2015) had quantified the effect of orientation on Y ind for the high purity aluminum using a 100 mm radius spherical indenter tip; the same material will be used in this study. As mentioned earlier and discussed in detail in prior work (Pathak et al., 2009b) , pop-ins (i.e., displacement jumps during an indentation test) produce a discontinuity in the ISS curves making the determination of Y ind difficult. Occurrence of pop-ins is related to the difficulty of establishing potent dislocation sources in the small indentation zones and is almost always observed when indentation measurements are carried out on annealed samples using indenter tips of a small radius. This was the main motivation behind the use of the larger spherical tip in prior work. As mentioned earlier, for the present study, we needed to use a smaller spherical tip to obtain a higher spatial resolution in our measurements near the grain boundary. The effect of the indenter tip size on the indentation response of the 20% deformed sample is shown is Fig. 1 . All data used for the comparisons was obtained within the same grain. As seen from the figure, although there is a significant difference in the post elastic behavior, the values of Y ind are in excellent agreement in the two ISS curves. This observation is in agreement with the findings discussed in Pathak et al. (2012b) regarding the effect of indenter tip size on the ISS curves. For this work, since we are interested only in the Y ind values, switching the indenter tip size between 20 mm and 100 mm did not affect the extracted values.
Indentation tests were performed along lines inclined to the selected grain boundary at shallow angles so that a large number of measurements could be performed within a narrow region around the boundary. The long grain boundary segments, which are a result of the large grains in our samples, allowed us to place multiple rows (6e9) of indents close to the boundary. Each row contained 11e13 indents spaced 20 mm apart. This resulted in approximately 60e100 indents across each grain boundary. The large number of measurements within a narrow grain boundary region allows us to ensure that the trends observed in our investigations can be distinguished from the inherit noise in the nanoindentation response. It should be noted that such a high number of data-points would be almost impossible to obtain using other small-scale mechanical testing techniques such as micro-pillar testing. High resolution OIM maps as well as optical micrographs were used to image the indents near the grain boundaries of interest. These were used to extract crystallographic information in the vicinity of the grain boundary as well as accurately determine the position of the indents with respect to the grain boundary. The perpendicular distance from the center of each indent to the grain boundary was calculated from these micrographs, and will hence forth be referred to as the distance from the grain boundary.
The combined indentation-OIM analysis protocols developed in our prior work (Vachhani and Kalidindi, 2015; Pathak et al., 2009d) were based on the assumption that the effect of the crystal orientation on the measured indentation yield point can be expressed by the same multiplicative factor (very similar to a Taylor factor) for both undeformed and deformed samples. As argued in our previous work (Vachhani and Kalidindi, 2015) , this is a reasonable assumption for the high symmetry cubic crystals with a relatively large number of slips systems with roughly the same value of the slip resistance. The protocols start with establishing the dependence of the Y ind on the local crystal lattice orientation at the indentation site in the annealed sample, as this serves as the baseline (control) for subsequent quantification of the increase in the Y ind as a result of the imposed plastic deformation. This task was already experimentally accomplished for high purity aluminum (Vachhani and Kalidindi, 2015) . This plot is reproduced in Fig. 2 , and is used here to account for the effect of local crystal orientation on Y ind , since the same material was used in the present study.
For each of the indentations performed in the deformed condition, the expected Y ind in the fully annealed condition was extracted from Fig. 2 . In other words, this is the indentation yield strength that would have been measured for the selected orientation, if tested in the fully annealed condition. A reliable measure of the increase in Y ind (i.e., DY ind ) as a consequence of the macroscopically imposed plastic deformation (i.e., 20% reduction by plane strain compression) can then be determined as 
where M is similar to a Taylor factor for indentation that depends only on the grain orientation with respect to the indentation direction, t crss is the critical resolved shear strength in the crystal, Dt crss is the increase in the (averaged) critical resolved shear strength between the fully annealed and deformed conditions, and r is the local dislocation density. It is further noted that only two of the three Bunge-Euler angles describing the local crystal orientation influence the measured value of Y ind (because an in-plane rotation of the sample in the spherical indentation experiment will not affect this measured value, even though the resulting stress and strain fields in the indentation zone are not axi-symmetric). A convenient measure for comparing the relative hardening levels in the differently oriented regions in a given deformed sample is to express the increase in the slip resistance as a percentage of the initial critical resolved shear stress in the material in the annealed condition. Combining Eqs. (4) 
As noted earlier, %t crss provides an indirect measure of the local hardening (reflecting increase in local dislocation content) in the deformed samples (Eq. (6)).
The %t crss values are expected to correlate to the Taylor factors associated with the macroscopically imposed plastic deformation on the sample. The Taylor factor M is defined as
where Dg is the sum of the slip shears on all the slip systems, and Dε is the imposed macroscopic plastic strain increment. In other words, a grain with a higher value of M is expected to require a higher amount of total slip on its available slip systems to accommodate the imposed macroscopic plastic deformation. Grains with higher values of M are generally referred as hard (oriented) grains, and those with lower values of M are generally referred as soft grains. In our most recent work (Vachhani and Kalidindi, 2015) , we provided strong experimental evidence suggesting that grains with higher values of M (i.e., hard grains) harden more than the grains with lower values of M because they demand higher amounts of total slip in the grain. This previous study focused on grain interior regions. In this paper, we explore the grain boundary regions with the exact same toolsets. It is reiterated that M discussed here is the Taylor factor corresponding to the plane strain compression experiment, and is not to be confused with the Taylor-like factor for indentation introduced in Eq. (5). Although, they have very similar physical interpretation, the two different M values correspond to very different deformation modes, namely plane strain compression and indentation.
Results and discussion
The eight grain boundaries studied here are identified on the OIM map of the 20% deformed high purity aluminum sample shown in Fig. 3 . Each grain in the OIM map is color (in the web version) coded to represent its position on the standard [ND] inverse pole figure (IPF) . In other words, the color represents the crystal direction in the grain that was parallel to the loading direction during the plane strain compression. With respect to the OIM map presented in Fig. 3 , the sample was allowed to expand freely in the horizontal direction (labeled as RD) and compressed along the vertical direction (labeled as ND). The outof-the-paper direction is the constrained direction (labeled as TD) during the plane strain compression experiment. Note that the sample surface that was used for the nanoindentation testing is the TD section.
About 60e100 indentation tests across each of the eight boundaries were carried out and the raw indentation data was converted into ISS curves. Representative ISS curves for indents close to and far away from the boundary, for the two grains (Grain #5 and #12) on either side of grain boundary #1 (GB #1) are shown in Fig. 4 . As discussed previously in Section 3, popins are mostly absent in the indentation tests carried out on the deformed samples using the 20 mm spherical tip, suggesting that it is relatively easy to set up the necessary dislocation sources in the indentation zones using the existing network of forest dislocations. Also clear from this figure is the fact that in the immediate vicinity of the boundary, the grains on either side of the boundary behave very differently. As seen in Fig. 4 , for grain #5, there is little difference between the indentation response measured close to the grain boundary and away, whereas on the other side of GB #1, in grain #12, the measured ISS curve and the Y ind exhibit significant increases in the immediate neighborhood of the grain boundary than far away.
The indentation test results for five of the eight boundaries studied are presented in Figs. 5e9; these five represent the most interesting results from the total set of eight and communicate the overall trends observed in this work most effectively. The OIM map showing the grain boundary, the orientation on a standard [ND] inverse pole figure map and the position of the indents with respect to the grain boundaries are provided for each grain boundary in Figs. 5e9 (a) . The summaries of the measured Y ind and the percentage increase in t crss due to the imposed macroscopic deformation are given in Figs. 5e9 (b) and (c) respectively. Table 1 summarizes the details of the OIM and nanoindentation measurements away from the grain boundaries for all the eight boundaries of interest. The orientation away from the grain boundary represents the average orientation as far as 500 mm from the region of the grain boundary where the indentation tests were performed. Dg across the boundary is the calculated misorientation between the orientations away from the grain boundary, measured as described above. The Taylor factors presented are for plane strain compression, and are calculated using the average orientations measured away from the Fig. 3 . OIM map of the sample deformed to 20% reduction in height by plane strain compression. The specific grain boundaries studied using nanoindentation are marked. The discontinuities seen in grain 10 and grain boundaries 6 (GB-6) and 8 (GB-8) are artifacts of stitching several smaller OIM maps together. Note that ND was the loading direction during the plane strain compression in the channel die and the indentation tests were performed on the TD surface.
boundary, as reported in this table. Y ind (g,d) and the estimated Y ind (g,0) represent the indentation yield strength values measured within the grains (~500 mm from the grain boundaries) and the indentation yield strength values for the average orientations measured away from the grain boundaries, extracted from the indentation yield surface plot for fully annealed aluminum shown in Fig. 2 . Table 2 summaries the details of the OIM and nanoindentation measurements in the vicinity of the grain boundaries, for the eight boundaries of interest. The orientation at the grain boundary represents the average orientation in the region up to 60 mm away from the grain boundary, over the distance along the boundary where the indentation tests were performed. Dg across the boundary is the misorientation between the average orientations measured on either side of the grain boundary, as described above. The Taylor factors (at GB) presented are for plane strain compression for the average orientations in the grain boundary region. Y ind (g,0) represents the indentation yield strength values for the orientations measured in the grain boundary region extracted from the indentation yield plot for fully annealed aluminum (Fig. 2) .
From Figs. 5e9 and Tables 1 and 2 , it is clear that not all grain boundaries behave in the same manner. For GB-1 (See Fig. 5 ), there is a substantial transition zone on one side of the boundary where the measured values of Y ind near the boundary are higher than those measured within the grains (away from the boundary region). The immediate vicinities of GB-2, GB-3 and GB-4 (see Fig. 6 ), also exhibit hardened layers, at least on one side of the grain boundary. For GB-5 (see Fig. 7 ) and GB-6, the presence of a grain boundary appears to have a negligible effect on the Y ind values measured in the vicinity of the grain boundary. In other words, the Y ind measured very close to the grain boundary is very similar to the Y ind measured well away from the boundary for grains on both sides of this boundary. Note that all these boundaries, GB-1 to GB-6, were high angle grain boundaries. GB-7 is a low angle grain boundary, and once again, the presence of a grain boundary appears to have a negligible effect on the Y ind values measured in the vicinity of the grain boundary (see Fig. 8 ). Also, note that there seems to be no correlation between the presence of a hardened layer at the grain boundary regions and the grain-to-grain misorientation angle across the grain boundaries. This is a very important observation as it is generally believed that the grain-to-grain misorientation plays a significant role in determining the local material response, near the grain boundary, during plastic deformation. Clearly, additional studies involving many more grain boundaries are needed to confirm this finding.
Looking at the Taylor factors in plane strain compression for each of the orientation of interest, it is seen that away from the grain boundaries, the orientations with a higher Taylor factor show more hardening as a result of the 20% height reduction. This is consistent with the findings reported previously (Vachhani and Kalidindi, 2015) .
However, in the immediate neighborhood of the grain boundary, a grain with a low Taylor factor (soft grain) when present next to a grain with relatively higher Taylor factor (hard grain) showed much more hardening at the boundary. The difference in the Taylor factor between adjacent grains is highest across GB-1, where grain #12 is a very soft grain with a Taylor factor of 2.62 next to a very hard grain (Taylor factor of 4.47). From Fig. 5 and Tables 1 and 2 , it is seen that grain #12, in the immediate vicinity of GB-1 shows the most significant amount of hardening both in terms of the percentage increase in the Y ind (with respect to the grain interior) as well as the thickness of the hardened layer. GB-2, GB-3 and GB-4 show progressively lesser difference in the Taylor factors for the orientations on either side of the boundary and also progressively lesser amount of hardening on the 'soft grain' side. GB-5 has two moderately hard grains, whose Taylor factors are very similar, on either side of the boundary. GB-6 has two soft grains of very similar Taylor factors next to each other. In both these cases, the hardened layer is completely absent. GB-7 is a low angle grain boundary with two relatively hard grains next to one another across the boundary. Consistent with previous observations (GB-5 and GB-6), here again, there is little effect of the boundary on the hardening near the grain boundary. Note that all low angle grain boundaries will have grains of very similar orientation and Taylor factors next to each other.
While the seven of the grain boundaries studied (GB-1 through GB-7) followed the trends discussed above, GB-8 appears to be an exception. GB-8 has a soft grain #12 (Taylor factor of 2.88) adjacent to a moderately hard grain #3, that has a Taylor factor of 3.60. According to previous observations, one would expect a hardened layer on the side of grain #12. However in this case, as seen in Fig. 9 , there is a significant hardened layer present on either side of the grain boundary. In this study, only the orientations after the macroscopic deformation is available and information about the starting orientation (before deformation) and the path followed during deformation is missing. Grain #3 is a large grain at the free surface of the sample, and therefore its response can be substantially different from that of the other grains in the sample. This can also be the reason for the high degree of fragmentation within grain #3 as compared to the rest of the grains (see Fig. 3 ). Since grain #3 is one of the grains adjoining GB-8, it could be a factor in the response observed at this grain boundary. Additional studies are clearly needed to document the time evolution of the microstructure in the grain boundary regions to extract deeper insights.
In order to quantify the strain hardening in the grain boundary regions, two parameters are defined. The first parameter is the thickness of hardened layer (t) and the second parameter is the percentage change in the indentation yield (%DY ind ) measured at the grain boundary with respect to that in the grain interior (~500 mm away from the boundary). A schematic, defining the two parameters employed to describe the hardening at the grain boundaries studied in this work, is shown in Fig. 10a . The last two columns in Table 2 provide details about the same two parameters for all the grain boundaries tested. Note here that the calculated %DY ind and the measured thickness of the hardened layer are both strongly affected by the number of data points used for the interpolation and hence it is important to have a sufficiently large number of data points in the 'hardened region' in order to be confident about the numbers extracted. Fig. 10b shows the variation of the two grain boundary parameters (reported in Table 2 ) defined above as a function of the difference in the Taylor Factor (reported in Table 1 ) of the grains on either side of the grain boundary in question. Note that the grain boundary parameters are consistently estimated using the softer grain as the reference (in computing the %DY ind ). There appears to be a very strong relationship between the difference in Taylor factor at the grain boundary and the extent of hardening at the grain boundary. Although more data points need to be added to this plot in order to reliably quantify the relationship, this study presents important evidence to substantiate prior hypotheses in literature about the complex interactions between grains (Bhattacharyya et al., 2001; Gonzalez et al., 2014) and the presence of hardened layers at grain boundaries in deformed materials (Meyers and Ashworth, 1982; Sun et al., 2000) . More specifically, the measurements reported in this work indicate that these hardened layers are predominantly on the side of the softer (lower Taylor factor) grain. Note that the grain boundary parameters for GB #8 are plotted using a different symbol (open circles) because the response at this grain boundary was different from all other boundaries studied (i.e., hardening was observed on both sides of the boundary). Because of the small data size, it is very difficult to conclude if the observation at GB#8 is substantially different from the other GBs or if it is within the range of expected variance in the measurements obtained in this study. Nevertheless, an important observation from Fig. 10(b) is that the thickness of the hardened layer observed near the grain boundaries is comparable to the average grain sizes in most commercially used metals and alloys. Therefore, for most materials of interest in real applications, the grain boundaries between hard and soft grains will produce significant hardening within the entire soft grain (Bhattacharyya et al., 2001) .
Measures of the grain orientation spread (GOS) and grain average misorientation (GAM) were extracted from the OIM maps at different scales: (i) regions up to~500 mm away from the boundary, and (ii) regions up to~60 mm from the grain boundaries. The GOS values ranged between 1 and 4 , and the GAM values were found to be within the range of 0.3 e0.8 . While the GOS and GAM values were slightly higher for regions near the grain boundary as compared to those measured for regions up to~500 mm away from the boundary, there were no strong correlations between the presence of a hardened layer at grain boundaries and the increase in the measured GOS or GAM. Although the higher GOS and GAM values may have an influential effect on any subsequent recrystallization, they did not appear to have a strong influence on the local strain hardening behavior studied here. This is probably because the grain misorientations measured in this study only capture the geometrically necessary component of the defect density at a fairly coarse length scale (~1 mm in our experiments). In reality, the local flow strength would be dependent on the entire defect density (including both geometrically necessary and the statistically stored components). It should be noted that the grains in the samples studied were grown after the samples were cut from larger pieces. As the grains grow very large during the long annealing treatment (72 h at 640 C), the grain boundaries very close to the surfaces, will migrate very slowly and will have time to orient themselves at almost right angles to the free surface. Therefore we expect the grain boundaries we are investigating to be nominally perpendicular to the sample surface, particularly within the relatively shallow depths that we are interested in here. This was also verified by removing a top layer of about 100 mm and reimaging the sample surface using OIM. Thus, the possibility of a grain boundary being inclined to the sample surface is very remote. Another concern in the interpretation of the observed changes in local mechanical properties near the grain boundaries is that there might be artifacts resulting from curvatures on the sample surface at the grain boundary regions due to sample preparation, especially during the electropolishing step. In order to exclude this as a possibility, the topography of the sample surface around two grain boundaries of interest (GB-1 and GB-6) was imaged with a sharp Berkovich tip using Hysitron's TI 950 TriboIndenter ® in the SPM imaging mode. For both these boundaries, it was observed that the sample surface was very smooth and that the maximum height difference at the grain boundary was~8 nm, and occurred within a distance of~2 mm around the boundary. Any data points affected by such steps (if present) at the boundary would lie within a region of ±1 mm from the grain boundary (gray-ed out on the plots in Figs. 5e9 (b and c) ). This region of ±1 mm from the boundary is also the region where the indentation zone at the point of yield might include the grain boundary, which makes the extraction of the indentation yield values from these tests difficult to interpret. Consequently, these measurements were excluded from the analyses and results presented in this paper. The presence of a hardened layer in the vicinity of certain grain boundaries (when a hard grain was present next to a soft grain) observed in this work is distinctly different from a prior study in 30% deformed, large grained Fee3%Si using a similar approach, reported by Pathak et al. (2012b) . In the Fee3%Si, it was reported that for a high angle grain boundary, the transition zone of~30 mm was present on the side of the hard grain and within this transition zone, a gradual decrease in the indentation yield strength (Y ind ) was observed. In other words, the local dislocation density was lower in the immediate proximity of the boundary suggesting that the boundary in question acted as a dislocation sink (on the hard grain side). It should however be noted that Fee3%Si has a bcc structure while aluminum is fcc. However, since results for only one high angle boundary were reported for Fee3%Si, it is difficult to say if the all boundaries in Fee3%Si would show similar trends. In order to further explain these observations, one needs to understand dislocation-grain boundary interactions (including absorption, desorption and transmission mechanisms (Bieler et al., 2009) ). Clearly, additional investigations are needed to further confirm the trends and conclusions reported in both the earlier work and this work.
It is noted that our discussion here has been focused primarily on the strain hardening in the vicinity of grain boundaries. However, it is anticipated that the protocols developed and used in this study can be extended and employed to study a number of other phenomena related to grain boundary regions such as damage nucleation and growth (Bieler et al., 2009) , recrystallization (Rollett et al., 2007) , microcracking due to hydrogen embrittlement (Pouillier et al., 2012) .
Conclusions
A novel approach to characterizing the mechanical behavior of regions close to grain boundaries in deformed polycrystalline materials, using combined OIM-spherical nanoindentation, is demonstrated in this study on aluminum polycrystals. From the regions studied around eight selected grain boundaries, it is concluded that Taylor 'soft' grains when present next to Taylor 'hard' grains harden significantly more in the immediate vicinity of the boundary. The extent of hardening increases with the increase in the difference in the Taylor factor for the adjacent grains. In other words, spatial variations in stored energy are significant in the vicinity of the boundary when a 'hard' grain is present adjacent to a 'soft' one. Interestingly, no correlation was observed either between the hardening at the grain boundary regions and grain-to-grain misorientation angle across the grain boundaries or between the hardened layer at grain boundaries and the increase in the measured grain orientation spread in the vicinity of the boundaries. Table 1 Summary of OIM and nanoindentation measurements up to 500 mm away from the grain boundaries, for the 8 grain boundaries studied in this work. Table 2 Summary of OIM and nanoindentation measurements near (~60 mm) the grain boundary region, for the 8 grain boundaries studied in this work.
Grain boundary
Dg across GB The variation of the hardening parameters, namely the thickness of the hardened layer and the percentage increase in the Y ind (with respect to the grain interior) for the 'soft' grain all the grain boundaries studied, as a function of the difference in the Taylor factor for the two grain across the boundary.
